Several environmentally and socially important chemicals such as d-limonene and unleaded gasoline have been demonstrated to induce alphaz,-globulin (a2u) nephropathy in male rats. Substantial progress has been made in characterizing the biological effects of these chemicals on the kidney and in further defining prerequisite events in the pathogenesis of this syndrome. The a2u increase in the kidney is hypothesized to be the proximal event in the toxicologic and tumorigenic sequelae associated with administration of these xenobiotics over the male rat's lifetime rather than a direct effect of the administered chemical. The administercd chemical appears to simply mediate the increase in a2u concentration in the kidney. To further investigate the properties of a2u, this protein was tested in the pH 6.7 Syrian hamster embryo (SHE) cell transformation assay. The a2u caused morphological transformation in these cells, whereas another protein, bovine serum albumin, did not induce transformation at equimolar concentrations, suggesting a protein-specific phenomenon. Neither d-limonene nor trimethylpentane (a causalcomponent in unleaded gasoline) induced SHE cell transformation. These results support the hypothesis that a2u increase in proximal convoluted tubules may directly cause renal tumorigenesis in male rats. The SHE cell transformation assay may be a useful tool for mechanistic studies of this syndrome.
INTRODUCTION
A number of chemicals of diverse structure induce male rat-specific alpha,,-globulin (a2u) nephropathy (1). The primary change in this syndrome is increased accumulation of a2u in the phagolysosomes of the proximal convoluted tubule. The exacerbated a2u phagolysosomal accumulation leads to accelerated apoptosis with an increased regenerative replicative rate as the consequence (1). The replicative rate increase appears to be linked with an eventual tubular tumor component of the syndrome (1, 24). Tubular tumorigenesis is consistently observed when a2u-inducing chemicals, such as d-limonene and unleaded gasoline, are administered continuously at nephrotoxic levels for at least 1 yr with euthanasia and necropsy after 2 yr. However, chronic nephrotoxicity, also presumably associated with replicative increase in the male rat, does not consistently induce renal tubular tumors (1). As a result, additional factors have been sought to explain the tumor response beyond the replicative rate increase in a2u nephropathy.
Because there is marked structural diversity among these a2u-inducing agents and because they or their metabolites are typically not genotoxic, a hypothesis has emerged that a2u may somehow be causally involved in the carcinogenic process via direct biological activity. To test this hypothesis and to develop a model to explore potential mechanisms, a2u has been tested in the pH 6.7 the laboratory on Purina Laboratory Chow and placed in metabolism cages. Twenty-four hour urine samples were collected on ice. Rats were allowed access to feed and water ad libitum. Standards promulgated by the American Association for Accreditation of Laboratory Animal Care were followed. Urine samples were refrigerated and then further processed. Urine was paised through PD-10 columns containing Sephadex G-25M (Pharmacia LKB Biotechnology, Piscataway, NJ) for separation of low-molecular-mass proteins. The low-molecular-mass fractions were lyophilized and then further purified. The lyophilized low-molecular-mass extract was reconstituted, clarified by centrifugation, filtered through a 0.2-pm filter, and diafiltered against 500 ml of 10 mi Tris-HC1 buffer (pH 8.0) using an ultrafilter with a molecular mass cutoff of 10 kDa (Amicon Diafiltration System, Beverly, MA).
This material was then applied to a diethylaminoethyl (DEAE) high-performance liquid chromatography (HPLC) column (Serva Biochemical, Hauppauge, NY), and the a2u was recovered using a 0.01 hi (pH 8.0)-0.4 M (pH 7.0) Tris-HC1 buffer gradient. The a2u peak was further purified using a Polyol-Silo0 HPLC gel permeation column (Serva Biochemical). The a2u sample was then concentrated to 1.0 mg/ml and applied to a 5-2096 gradient polyacrylamide gel for analysis. Using a colloidal Coomassie blue stain (7) (sensitivity = 0.5 ng), only a2u was identified on Western blotting. The concentrated a2u was dialyzed against phosphate-buffered saline (PBS) and lyophilized. The lyophilized preparation of a2u was reconstituted with distilled water to make 1 X PBS and used for cell transformation.
Preliminary Cytotoxicity Assay. The preliminary cytotoxicity assay was conducted using a small number of dishes in an analogous manner to the transformation assay (data not shown). The pH 6.7 SHE Cell Trattsfonmtion Assay. Pools of primary hamster embryo target and feeder cells were prepared from SHE as described (10, 11). Cells were cultured in the assay at pH 6.7 in LeBoeuf's modification of Dulbecco's modified Eagle's medium (DMEM) containing 20% fetal bovine serum (HyClone Laboratories, Logan, UT). Approximately 100-120 target SHE cells (in 2 ml complete medium) were added to 60 mm Petri dishes containing about 4 X lo4 X-irradiated (-5,000 rads) feeder SHE cells in 2 ml complete medium seeded 24 ht earlier. The cultures were then incubated at 37°C 5 1.0"C in 10% 2 0.5% CO, in humidified air for approximately 24 hr (10, 11). Dosing solutions of a2u and bovine serum albumin (BSA; Fraction V, Sigma Chemical Co., St. Louis, MO) at twice the final desired concentration were prepared in complete medium. BSA was included to exclude a nonspecific test system response to protein. Treatment consisted of delivering 4 ml of these dosing solutions to each of 30 disheshreatment group (each containing 4 ml -of complete medium, feeder cells, and target cells). The vehicle control was made of 90 dishes. The cultures were then incubated undisturbed for 7 days. After the 7-day incubation period, the dishes were fixed with 10% buffered formalin, stained with 10% aqueous Giemsa, washed in tap water, and air dried. The number of colonies per dish was then determined. Mean plating efficiency was calculated by dividing the number of colonies per dish by the number of cells seeded and then multiplying by 100. Using a stereo microscope, the dishes were screened and individual colonies were evaluated for transformed morphology. Figure 1 shows representative normal and transformed colonies. The transformation frequency was determined by dividing the total number of transformed colonies by the total number of colonies examined and then multiplying by 100. The transformation frequency data were analyzed using Fisher's exact test (3). Each reported experiment included 3 concentrations of a2u and BSA, negative controls (medium, dimethyl ). BP and MP were used as genotoxic and nongenotoxic positive controls. MP has been considered a nongenotoxic carcinogen because it was negative in most tester strains of S d m otiella in the Ames test except for very weak activity in TA1535 (4, 18, 22) and DNA adducts were not found in 3'P-postlabeling tests using L5 178Y mouse lymphoma cells iti virro (6) and rat liver cells treated in vivo (14) . However, MP was recently reported to be clastogenic in Chinese hamster ovary and Chinese hamster lung cells in culture (12) and moderately mutagenic (of chromosomal origin) in L5178Y mouse lymphoma cells (6). Although MP was used as a positive control for nongenotoxic carcinogen here, it may have a clastogenic potential in SHE cells. The medium control served as the negative control for a2u and BSA groups. The DMSO control served as the vehicle control for BP and MP groups. The ETOH control served as the vehicle control for d-limonene (Sigma Chemical Co.) and trimethylpentane (TMP; Sigma Chemical Co.) groups. The number of dishes for negative controls (medium and ETOH) was increased to reduce statistical variation (19). Procedure f o r Itidirect It?itiiiitioflirorescettce. SHE cells were seeded in DMEM (pH 6.7) with 10% heat inactivated fetal bovine serum, 2% L-glutamine, and Pen/ Strep at 1 X lo6 cells/lOO-mm dish (containing 1 8-well slide). Twenty-four hours after seeding, the cells were treated with a2u (0, 5, 10, 20, and 40 pg/ml). After 6 hr, the monolayer cells on the multiwell slides were washed with PBS for 5 min with shaking, fixed with methanol (-20°C) for 4 min with shaking, and air dried. The cells were permealized with 0.2% (v/v) Triton X-100 (in PBS) for 3 min with shaking, washed once with PBS and then with distilled water for 5 min with shaking, and air dried. Four of 8 wells/slide were overlaid with 20 p1 of rabbit anti-rat a2u, and 4 wells were overlaid with 20 p1 of PBS (controls). After the slides were incubated for 45 min at 37"C, they were washed 3 times with PBS for 5 min each .and then for 3 min with distilled water and air dried. All 8 wells/slide were then overlaid with 20 p1 each of Buorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG and incubated for 45 min at 37°C. The slides were then washed and dried as described above following incubation with anti-a2u antibody. The slides were then mounted in glycerol (50% concentrate) for fluorescent microscopic evaluation.
RESULTS

The p H 6.7 SHE Cell Trcliisfon?intion Assay with a214
Medium and DMSO controls resulted in low and comparable transformation frequencies (0.32439%) (Table  I ). a2u at doses of 10, 20, and 40 pg/ml (0.54, 1.07, and 2.14 phi) induced significant increases in the frequency of transformed colonies as compared with the medium control cultures. In male rats, a2u accumulates and is sequestered in the phagolysosomes of epithelial cells in the kidney (5). The renal concentration of a2u was reported to be 960 p h f (4). Therefore, the SHE cell transformation was observed at a2u concentrations lower than the renal concentration in the normal rat. BSA at the doses of 10, 20, and 40 pg/ml did not induce significant increases in transformation frequencies. The positive controls (BP and MP) also induced significant increases in the frequency of transformed colonies. The transformation frequency of a2u at each dose (10, 20, and 40 pg/ ml) was significantly higher than that of BSA at 10, 20, and 40 pg/ml, and the transformation frequency of a2u with all doses combined was also significantly higher than that of all doses of BSA combined.
In a repeat experiment with a2u, the BSA concentrations were increased to equimolar concentrations with a2u (Table 11 ). a2u at the doses of 10, 20, and 40 pg/ml (0.54, 1.07, and 2.14 p h i ) again induced significantly increased frequencies of morphologically transformed colonies as compared with the medium control cultures. Similarly, the positive controls (BP and MP) also induced BSA at doses of 35.6, 71.2, and 142.0 pg/ml (0.54, 1.07, and 2.14 ph4) again did not increase morphological transformation frequencies as compared with the medium control. Although the transformation frequencies of a2u at 10 and 20 p g / d (0.54 and 1.07 phi) were not significantly higher than those of BSA at 35.6 and 71.2 pg/ml (0.54 and 1.07 p h l ) , the transformation frequency of a2u at 40 pg/d (2.14 phl) was highly significant as compared with BSA at 142.0 p g / d (2.14 p~). The transformation frequency of all a2u doses combined was also significantly higher than that of all BSA doses combined.
p H 6.7 SHE Cell Transfonnatioit Assay with d-Limonene and TMP
The same 7-day exposure period as utilized for a2u transformation assays was also used for the d-limonene and TMP transformation assay. The highest doses for dlimonene and TMP were selected on the basis of solubility. ETOH and DMSO controls resulted in low and comparable transformation frequencies (0.23-0.22%) (Table 111 ). Neither d-limonene nor TMP at the doses of 12.5, 25.0, and 50.0 p g / d (92, 184, and 367 phi of dlimonene and 109, 219, and 438 p h i of TMP) induced increased frequencies of transformed colonies as compared with the ETOH control cultures. d-Limonene concentration in the kidney of male rats could reach as high as 800 nmole equivalents/g wet weight (roughly 800 FM) because of reversible binding of d-limonene to a2u, when d-limonene is orally dosed at 3 mmoleskg body weight (13). Renal tumors were found at 1.1 mmoles (d-limonene)kg body weight in male rats (17). When TMP is orally dosed at 4.4 mmoleskg body weight, TMP concentration in the kidney reaches as high as 1,252 nmole equivalents/g wet weight (roughly 1,252 p h i ) also because of reversible binding of TMP to a2u (7) . An increase of a2u concentration in the kidney of male rats was observed 24 hr after oral doses of TMP at 0.3-12.0: mmoleskg (24). Exposure to air with 292-2,056 ppm of unleaded gasoline (of which approximately 5% is TMP) induced renal tumors in male rats in an inhalation bioassay (9), but the actual plasma or renal concentration was not reported. Because of the solubility limitation in culture medium for SHE cell transformation assay, both d-limonene and TMP could not achieve more than 50.0 pg/ml. The positive controls (BP and MP) induced significant increases in the frequency of transformed colonies as compared with the DMSO control. In a repeat SHE cell transformation.assay with d-limonene and TMP (Table IV) , neither d-limonene at doses of 12.5, 25.0, and 50.0 pg/ml nor TMP at doses of 12.5, 25.0, and 50.0 pg/ ml induced increased frequencies of transformed colonies as compared with the ETOH control cultures confirming the previous results. The positive controls (BP and MP) in the repeat assay induced significant increases in the frequency of transformed colonies as compared with the DMSO control. d-Limonene at 10 pg/ml (highest dose tested) was negative in a SHE cell transformation assay conducted at neutral pH (21).
IInmirrtofluoresceiice
Cells exposed to a2u for 6 hr and then labeled with rabbit anti-a2u and FITC-conjugated goat anti-rabbit IgG exhibited diffuse cytoplasmic fluorescence (Fig. 2b ). Cells exposed to FITC-conjugated goat anti-rabbit IgG did not fluoresce beyond the background levels (Fig. 2 4 . Ahvent to plasma membrane (b) compared to the control (a) . SHE cells were exposed to 20 pg/ml of u2u for 6 hr X40.
(1). For refinement of the risk assessment for d-limonene and unleaded gasoline, development of further understanding of the male rat renal response should be useful. In the proposed pathogenesis of this syndrome, the inducing chemical has been hypothesized to mediate the a2u overload in the toxic and tumorigenic sequelae ( Fig.  3) but otherwise to be uninvolved in a causal sense. Previous work has demonstrated that a2u overload alone can induce the acute toxicologic response characterized by exacerbated hyaline droplet formation with responsive replicative rate increase in proximal convoluted tubules (1). The chronic toxicity with persistently elevated cell proliferation rate has been demonstrated as an integral part in the ultimate tumorigenesis (2). In the present study, BSA was nontoxic but a2u was slightly toxic at 40 pg/ml based on relative plating efficiency of SHE cells. In previous work in a primary renal cell culture, a2u was toxic at concentrations comparable to serum levels in normal adult male rats (15). Additionally, another protein, the Bence-Jones protein, demonstrated in vitro toxic potential (15). The Bence-Jones protein and a2u share biological characteristics it1 vivo that are associated with proximal tubular cell injury in the presence of crystalloid phagolysosomal proteinaceous accumulations. Both proteins are relatively difficult to catabolize as compared with typical abundant glomerular filtrate constituent proteins, such as albumin. Albumin administered in bolus doses in vivo can cause hyaline droplet formation but without crystalloid change or proximal tubular cell degeneration and death (15, 16, 20) . TMP and d-limonene at the concentrations tested were almost nontoxic in SHE cells.
For further support of a causal association of a2u overload and the renal tumorigenesis, a well defined SHE cell TOXICOLOGIC PATIIOLOC~ transformation assay has been utilized. Early passage SHE cells are characterized by a finite life span in culture and a stable diploid karyotype. SHE cells progress through several preneoplastic phenotypes, including morphological transformation, and escape from cellular senescence prior to becoming neoplastic. An increase in the frequency of colonies with a morphological transformation phenotype is commonly used as an indicator that a xenobiotic has increased the neoplastic potential of these cells. SHE cells have metabolic activation capabilities, and the morphological transformation phenotype can be measured within 7-10 days following initiation of xenobiotic treatment. This assay has been utilized to detect DNA-reactive as well as non-DNA reactive carcinogens (10, 11) .
The present results indicate that a2u induces morphological transformation of SHE cells at concentrations estimated to be less than the sequestered renal concentration of a2u in normal male rats. This finding suggests that a2u has the potential to induce malignant transformation, even though the definitive test for confirmation, animal inoculation of transformed cells, has not been conducted. In contrast, neither d-limonene or TMP caused morphological transformation at the maximum in v i m concentrations possible. The concentration of d-limonene achieved in the SHE cell transformation assay is roughly estimated to be within one-third of the concentration occurring in the kidney at tumorigenic doses in the male rat cancer bioassay. The concentration of TMP achieved in the SHE cell transformation assay is roughly estimated to be within one-third of the concentration occurring in the kidney at the doses that would induce increased levels of a2u in the kidney of male rats. Both (ilimonene and TMP in male rats are reversibly bound to a2u, sequestered and concentrated primarily in the phagolysosomes of renal epithelial cells. The induction -of SHE morphological transformation by purified a2u but not by d-limonene or TMP provides support for the hypothesis that a2u may be causally involved in the renal carcinogenic process beyond the indirect influence on replicative rate. In addition, it identifies a potential test system for further exploration of the mechanism of tubular tumorigenesis in the syndrome. The phenomenon does not represent a nonspecific test system response to a2u, as indicated by the lack of transformation in response to albumin, which was chosen because of its relevance as a normal glomerular filtrate constituent (20).
d-Limonene and TMP tested negative in the SHE cell transformation assay but positive in the rodent bioassay (kidney tumors in male rats). Because d-limonene and TMP act through a unique mechanism of carcinogenesis in the male rat, the renal tumorigenesis in the a2u ne-, phropathy syndrome is generally recognized as not relevant to humans. These results thus continue to support the utility of the SHE cell transformation assay in predicting risks for rodent carcinogenesis.
a2u is the most abundantly synthesized protein in the normal young adult (80-150 days) male rat (8). A limited quantity of this protein, which is freely filtered but modestly reabsorbed (40%) and poorly catabolized, normally accumulates in the proximal convoluted tubules reflected -as unique spontaneous hyaline droplet formation by rou. tine light microscopy (1). The normal accumulations are not associated with tubular injury or tumorigenesis. Renal tumors are uncommon events in normal Fischer 344 and Sprague-Dawley rats. Xenobiotics, such as unleaded gas. oline (with TMP as the active component) or their me. tabolites, bind to a2u and further impair catabolic efficiency without other demonstrable influence on normal lysosomal function resulting in cell lysosomal overload (25). This effect is observed microscopically as exacerbated hyaline droplet formation and represents the proximate event in the unique a2u nephropathy syndrome.
Based on immunofluorescence results, a2u internalizes and diffusely distributes in the cytosol of the SHE cell or is bound to cytoplasmic membranes. Protein uptake by endocytosis does occur in SHE cells (10, 1 1). There were , no hyaline droplets in the SHE cells. The normal renal tubule sequestration of a2u in phagolysosomes may protect the cell in the normal male rat. However, with phagolysosomal overload, a2u may enter cytosol through compromised phagolysosomal membranes. Cytosolic a2u could hypothetically influence genetic material during mitosis when the nuclear membrane barrier is compromised.
In overload conditions, a2u alone without mediating xenobiotic has demonstrated toxic potential with associated reparative replicative rate increase (23). We now have demonstrated potential for this protein to induce morphological transformation superimposed on the replicative response. These data suggest that exacerbated a2u accumulation may be sufficient for tubular tumorigenesis in the a2u nephropathy syndrome regardless of the cause of the exacerbation.
